ABSTRACT: Twinning in cattle is a complex trait that is associated with economic loss and health issues such as abortion, dystocia, and reduced calf survival. Twinning-rate QTL have been detected previously on BTA5 in the North American Holstein and Norwegian dairy cattle populations and in a USDA herd selected for high twinning rate. In previous work with the North American Holstein population, the strongest evidence for a QTL was obtained from analysis of an extended, multiple-generation family. Using additional animals, an increased density of SNP marker association tests, and a combined linkage and linkage disequilibrium mapping method, we refined the position of this QTL in the North American Holstein population. Two sets of twinning-rate predicted transmitting abilities estimated during 2 different time periods in the North American dairy cattle population were used to provide validation of results. A total of 106 SNP and 3 microsatellites were used to scan the genomic region between 5 and 80 Mb on BTA5. Combined linkage-linkage disequilibrium analysis identified significant evidence for QTL within the 25-to 35-Mb and 64-to 70-Mb regions of BTA5. The IGF-1 gene (IGF1) was examined as a positional candidate gene and an SNP in intron 2 of IGF1 was significantly associated with twinning rate by using both data sets (P = 0.003 and P = 1.05 × 10 −6 ). Replication of this association in other cattle populations will be required to examine the extent of linkage disequilibrium with the underlying quantitative trait nucleotide across breeds.
INTRODUCTION
Twinning in cattle is a complex trait that is associated with the health and productivity of animals. Twinning has been associated with economic losses such as abortion, dystocia, reduced birth weights, and reduced neonatal calf survival (Markusfeld, 1987; Fricke and Wiltbank, 1999; Karlsen et al., 2000) . Heritability of twinning rate is low (h 2 = 0.09; Johanson et al., 2001) , and application of genetic marker-based selection will be useful in reducing twinning rate. To identify twinning or ovulation rate QTL, the inheritance of paternal alleles has been investigated previously within bovine half-sib families. When only linkage mapping was used, confidence intervals for QTL were typically broad (>30 cM) because of a limited number of crossover events in 1 or 2 generations. Twinning or ovulation rate QTL detected by linkage could be exploited in marker-assisted selection; however, unless QTL positions are identified accurately, uncertainty caused by the decay of linkage disequilibrium between markers and causative nucleotides in succeeding generations will be an obstacle to their use. Twinning or ovulation rate QTL on BTA5 have been identified in previous studies. Twinning-rate QTL were detected between approximately 55 and 65 Mb (bovine genome assembly 3.1; www.hgsc.bcm.tmc.edu/projects/bovine/) on BTA5 in the Norwegian dairy cattle population (Lien et al., 2000) and the North American Holstein population (Cruickshank et al., 2004 ). An ovulation rate QTL was detected in the 40-cM (approximately 30-Mb) region of BTA5 (Kappes et al., 2000) in the USDA twinning population. Objectives of the current study were 1) to refine the location of the QTL previously reported by Lien et al. (2000) and Cruickshank et al. (2004) by using a denser set of markers and a larger population along with a combined linkage-linkage disequilibrium analysis, 2) to test for evidence in the Holstein population of the QTL previously reported by Kappes et al. (2000) , and 3) to examine positional candidate genes.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from an existing database (Dairy Herd Improvement Association).
Animal Resources
All animals used in this study were registered Holstein bulls from the United States and Canada. Twenty-five half-sib families were selected for use and sires of these half-sib families had above-average twinning-rate values and a moderate to large number of sons that also had calculated twinning-rate predicted transmitting ability. A total of 358 bulls, including sires, with an average of 1,021 daughters per bull were genotyped. Two separate estimates of twinning-rate predicted transmitting ability were used in analyses. The first (Johanson et al., 2001 ; data I) was based on daughter records obtained between 1994 and 1998, whereas the second (data II) used records obtained between 1998 and 2006. Twinning-rate predicted transmitting abilities derived from data I were obtained with a threshold model as described previously (Johanson et al., 2001 ). Twinning-rate predicted transmitting abilities derived from data II have not been described previously and were based on threshold model analysis of 2,718,434 Holstein calving records obtained from the Dairy Herd Improvement Association. The model for analysis of data II included herd-year-season (with seasons January to June and July to December within each herdyear), age-parity (with up to 7 lactations and 2-mo age groups within each lactation), and sire (with relationships). A minimum of 10 calvings per herd with twinning rate >0.00 and <50% were required (mainly to eliminate herds that did not report twinning). Overall frequency of multiple births was 4.06%. Triplets were included (coded as twins), although there were very few of these (0.034%). Data I and data II twinningrate predicted transmitting abilities were available for 342 and 291 sons, respectively. A total of 289 sons had predicted transmitting ability estimates from both data sets. Data I and data II predicted transmitting abilities represented 2 independent estimates of twinningrate phenotype for the bulls given that they were based on separate daughter records. The correlation between number of daughter records for bulls represented in both data sets was low (r = 0.14). Predicted transmitting abilities of milk, protein, and fat yields, percentage of milk protein and fat, productive life span, somatic cell score, and daughter pregnancy rate were obtained from the Animal Improvement Program Laboratory at USDA for examination of pleiotropic or correlated associations of candidate gene polymorphisms.
SNP Discovery
Seventeen genes were initially targeted for SNP discovery to increase marker density in selected areas of BTA5. Polymerase chain reaction primer pairs (Supplementary  Table 1 ; http://jas.fass.org/content/vol87/issue3) were designed by using Primer3 software (primer3-web 0.3.0; http://primer3.sourceforge.net/; last accessed Oct. 10, 2007) and genomic sequence information from Build 3.1 of the bovine genome sequence. Polymerase chain reaction amplicons of approximately 800 bp containing exonic and intronic regions of the targeted genes were sequenced to identify polymorphisms (Supplementary Table 1 ). Polymerase chain reaction amplification was performed in a 50-µL volume containing 1× PCR reaction buffer, 0.2 mM of each deoxynucleotide triphosphate, 0.3 µM of each forward and reverse primer, 3% dimethyl sulfoxide, 50 ng of genomic DNA, and 1 unit of GoTaq DNA polymerase (Promega, Madison, WI). The DNA template used for SNP discovery was a sire for whom there was strong evidence of heterozygosity for a BTA5 twinning-rate QTL (Cruickshank et al., 2004) . Touchdown PCR was used in all amplifications, with an initial denaturation at 95°C for 2 min, followed by 10 cycles with denaturation at 94°C for 45 s, annealing for 30 s at 65°C, initially with a 1°C reduction per cycle and decreasing to 56°C, and extension at 72°C for 70 s. Twenty-five additional cycles were performed at the same denaturation and extension temperatures and times, with annealing in all cycles at 56°C for 45 s. The last cycle was followed by a final incubation at 72°C for 8 min. The PCR products were purified with the MinElute PCR purification kit (Qiagen, La Jolla, CA). Sequencing was performed in both directions by using forward and reverse primers with the BigDye Terminator version 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). Sequencing reactions were analyzed on an ABI3700 instrument at the University of Wisconsin-Madison Biotechnology Center.
Genotyping
A total of 106 SNP (Supplementary Table 2 ; http:// jas.fass.org/content/vol87/issue3) were successfully genotyped between 5 and 85 Mb on BTA5. Assays were developed for an additional 14 SNP, but these failed to produce scorable genotypes. Of the 106 successfully genotyped SNP, 71 had been used in a previous study (Kim et al., 2009) and were chosen by considering marker location and minor allele frequency in Holsteins. The minor allele frequency of all chosen markers was greater than 5% in the previous study (Kim et al., 2009) . Thirty-six markers were newly developed within 13 genes located between 55 and 75 Mb. Sixty-four of the 120 SNP were located between 55 and 75 Mb to aid fine mapping in this region. Genomic positions of SNP were obtained from bovine genome assembly 3.1. Genotyping was performed by mass spectrometry of allele-specific primer extension reactions (Sequenom, San Diego, CA). Three microsatellite markers (CSSM022, ILSTS066, and BMS1216) located at 60.26, 60.27, and 69.3 Mb were also genotyped. Deoxyribonucleic acid extraction and microsatellite genotyping were performed as described by Cruickshank et al. (2004) .
Linkage, Linkage Disequilibrium, and Haplotypes
Linkage map distances were estimated by using CRI-MAP 2.4 software (Lander and Green, 1987) . Linkage mapping was also used to examine the marker order predicted by the SNP genomic location obtained from bovine genome assembly 3.1.
Haplotype construction was performed by using information on partial haplotypes obtained by linkage mapping. The most probable paternally inherited haplotype of offspring in each half-sib family was constructed by using the chrompic option of CRIMAP. Sire haplotypes were inferred by using reconstruction of paternally inherited alleles and linkage phase in offspring obtained from CRIMAP.
Linkage disequilibrium was calculated as D′ and r 2 between all pairs of SNP on BTA5. Deviation of genotype frequences from those expected under Hardy-Weinberg equilibrium was tested for each SNP to identify potential genotyping errors. To remove linkage effects within the half-sib family from the linkage disequilibrium estimation, maternally inherited haplotypes were analyzed in Haploview for construction of linkage disequilibrium analysis (Barrett and Cardon, 2006) .
Linkage-Linkage Disequilibrium QTL Mapping
Combined linkage-linkage disequilibrium analysis was conducted to fine map QTL. Linkage effects are based on the transmission of alleles from sires to sons, whereas linkage disequilibrium effects are estimated based on maternally inherited haplotypes. Marker haplotypes with greater similarity have an increased probability that the QTL alleles they carry are identical by descent. The identity by descent probability between 2 haplotypes was estimated by the procedure proposed by Meuwissen and Goddard (2001) . To predict the identity by descent of a genomic position, 8-marker windows were used. Calculation of the likelihood at putative QTL positions was performed by using REML. The statistical model was
where y is a vector of twinning-rate predicted transmitting abilities of the individuals, and u is vector of random polygenic effects, q is vector of additive QTL effects, and e is vector of individual error terms. W is an incidence matrix of haplotypes relating phenotypic records to QTL alleles. Z is a diagonal incidence matrix relating individual polygenic effects to individual sons. The random effects u and q are assumed to be distributed, u
where s u 2 and s q 2 are the polygenic variance and the additive QTL variance, respectively. A is the matrix explaining the additive genetic relationship among animals and G is the allele relationship (identity by descent) matrix between haplotypes. To refine QTL location, data I and data II were analyzed, both separately and together, in a multivariate analysis treating predicted transmitting abilities from the different data sets as separate traits. Individual random effects with the corresponding variance and log-likelihood ratio were estimated by using the MIXED procedure (SAS Inst. Inc., Cary, NC). The log-likelihood of the data under linkage only and linkage-linkage disequilibrium hypotheses was compared with that under the null hypothesis of no QTL at a given map position. The G matrix was constructed assuming either linkage or combined linkage-linkage disequilibrium effects to test QTL hypotheses. The no-QTL model with the A matrix accounting for the additive genetic relationship was the same as in the animal model (Lynch and Walsh, 1998) . The log-likelihood test was calculated as −2(log-likelihood of the polygenic model − log-likelihood polygenic with the QTL model), which was an approximation of χ 2 with 1 df. To decide the threshold level for a genome-wide scan, an analytical method proposed by Lander and Kruglyak (1995) was used. Comparison-wise error rates of 2.3 × 10 −5 and 7.2 × 10 −4 yielded experiment-wise error rates corresponding to the significant and suggestive levels. For linkage QTL threshold, significant (P = 5.0 × 10 −5 ) and suggestive levels (P = 0.002) were used.
Association Testing
The association between each SNP marker locus and twinning-rate predicted transmitting ability was evaluated with a model including the effects of sire and SNP Chromosome 5 twinning-rate quantitative trait loci genotype. An SNP genotype (or haplotype) effect and a family effect were included in a linear model:
where y is a vector of twinning-rate predicted transmitting abilities of the individuals, b is a vector of the intercept and the regression coefficient, X is an incidence matrix of genotypes for b, s is a family effect, Z is an incidence matrix relating records to sires, and e is a vector of residuals. The size of vector b was variable for single SNP marker genotypes (2 × 1). The inverse of the prediction error variance of predicted transmitting ability was used as a weight.
Positional Candidate Gene Analysis
Based on initial mapping results, IGF1 was considered a strong positional candidate gene and was screened for polymorphism over its full 72-kb genomic region, including 2 kb of the 5′ and 3′ flanking regions, using the same approach and sire as described above (Supplementary Table 3 ; http://jas.fass.org/content/vol87/ issue3). A total of 848 Holstein bulls, which included 293 of those described above, were genotyped for IGF1 SNP association testing. The SNP were genotyped by using a competitive allele-specific PCR system (KBiosciences, Hoddesdon, UK). Predicted transmitting ability estimates from both data I and data II were used in separate analyses. Twinning-rate predicted transmitting abilities were available for 309 bulls from data I (IGF1-data I) and all 848 bulls from data II (IGF1-data II). Association tests were performed as described above.
RESULTS
A total of 58 polymorphisms were discovered in 65,429 bp sequenced across 17 genes in the initial SNP discovery effort. Four of the 17 genes screened yielded no polymorphisms and the remaining 13 genes showed varying levels of polymorphism. As examples, the extremes for SNP discovery were 21 SNP and an indel found in 2,934 bp of the SYN3 genomic region, and no SNP found in 9,100 bp of the SSTR3 genomic region. One to 8 SNP per targeted gene were arbitrarily chosen for the subsequent genotyping effort.
Of the 120 SNP chosen for genotyping, 106 were successfully genotyped. The linkage map position of SNP was compared with the physical genomic position of SNP on BTA5 and there was no disagreement in SNP order. The SNP used in this study spanned 81.6 Mb, from 5 to 86.6 Mb, on BTA5. No recombination was detected in 66 adjacent SNP marker pairs, primarily SNP pairs within genes. In these cases, the SNP order was inferred from bovine genome assembly 3.1. The linkage map distance from the first to the final locus was 92 cM when using the current data, or 78 cM with the USDA third-generation bovine linkage map (NCBI MapViewer; www.ncbi.nih.gov/mapview, accessed July 24, 2007).
The linkage map distance between adjacent SNP markers was also compared with the linkage disequilibrium (r 2 , D′) between adjacent markers. Although the linkage disequilibrium extended, in some cases, up to 8 cM, it was typically decayed by 2 cM based on r 2 ≤ 0.2. At least 1 historical recombination or mutation was discovered in 94% of adjacent marker pairs, which did not have any recombinants within family. Long-range linkage disequilibrium (r 2 > 0.5) was discovered between genomic regions, including SYN3 at 69 Mb and EIF3S7 at 74 Mb (Figure 1) . Between the genomic regions corresponding to SYN3 and EIF3S7, the mean r 2 among all possible SNP pairs was 0.45 and the mean D′ was 0.61. Because only 1 intervening SNP was genotyped, the linkage disequilibrium pattern between 69 and 74 Mb could not be adequately described.
The minor allele frequency range of SNP was between 0.03 and 0.49. Hardy-Weinberg equilibrium tests detected 8 SNP in violation (P < 0.05). Five of these 8 SNP deviated highly significantly from expectations under the Hardy-Weinberg equilibrium (P < 0.01) because of observed heterozygosity less than that predicted from allele frequencies. Two SNP at 64 Mb, which were located within the IGF1 coding region, and another 2 SNP at 66 and 67 Mb showed significant deviation.
The pattern of linkage disequilibrium on BTA5 was surveyed before association testing and linkage-linkage disequilibrium analysis. The mean r 2 and D′ between adjacent marker pairs was 0.16 (r 2 ) and 0.41 (D′). The extent of linkage disequilibrium (r 2 ) within the 8-marker windows varied from 0.03 to 0.71. The mean linkage disequilibrium of each haplotype window was calculated as r 2 or D′ between adjacent loci within the 8-marker windows of the maternally inherited haplotype. Fewer than 50 markers were genotyped between 5 and 55 Mb, less density than the genomic region between 55 and 75 Mb. The mean strength of the linkage disequilibrium (r 2 ) within the 8-marker windows between 0 and 55 Mb was less than 0.2. In the genomic region between 55 and 75 Mb on BTA5, more than 50% of the 8-marker windows were in moderate linkage disequilibrium (r 2 > 0.4).
Evaluation for QTL affecting twinning rate resulted in multiple locations of interest on BTA5. The log-likelihood ratio was plotted for a QTL located at the midpoint of each 8-marker window. When data I were used, the most significant linkage-linkage disequilibrium peak was at the midpoint of the SNP markers between 69.92 and 69.99 Mb. A 2-LOD (logarithm of odds)-dropoff support interval for QTL location extended from 63 to 70 Mb. The linkage-linkage disequilibrium analysis also detected 2 potential QTL at 25 and 50 Mb in the 5-to 60-Mb region on BTA5 when using data I (Figure 2A ). When data II were used, the linkage-linkage disequilibrium analysis detected a potential QTL at 30 Mb on BTA5 ( Figure 2B) . A peak at the 69-Mb region de-tected when using data I was also observed when using data II, although a greater peak was observed at approximately 64 Mb, corresponding well to the location of IGF1. Multivariate analysis using data I combined with data II (Figure 2C ) showed the strongest evidence of QTL in the 25-to 35-Mb and 64-to 75-Mb regions, with the greatest significance at 64 Mb.
When linkage mapping alone was used, weak evidence of QTL (P = 0.02) was detected at the 64-Mb region when using data I (Figure 2A ). This region was spanned by microsatellite markers ILSTS066 (74 cM) and BMS1216 (78 cM). The QTL was also detected by linkage mapping in approximately the 60-to 70-Mb region when using data II ( Figure 2B ). Segregation of a twinning-rate QTL was previously identified within 2 North American Holstein families (Cruickshank et al., 2004) between 74 and 78 cM, corresponding to 64 to 70 Mb.
Regarding individual markers, 1 significant association (P < 2.3 × 10 −5
) and 2 suggestive associations (P < 7.2 × 10 −4 ) with twinning rate were observed between 5 and 85 Mb on BTA5 when using data I. Linkage disequilibrium among these 3 SNP was very weak (r 2 ~0.002) or slight (r 2 < 0.2). Two significant SNP associations were located within IGF1 (64.2 Mb) and COL10A1 (69.9 Mb) genes when using data I ( Figure  3A) . A SNP in COL10A1 was located within 1.5 Mb of the maximum QTL peak detected by the linkagelinkage disequilibrium analysis for data I ( Figure 3A) . None of the SNP between 5 and 55 Mb on BTA5 was significantly associated with twinning rate when using data I ( Figure 3A) . In contrast, significant (P < 2.3 × 10 −5
) single-marker associations were observed in this region when using data II ( Figure 3B ). This analysis produced 5 significant single-marker associations with twinning rate (P < 2.3 × 10 −5 ). Two of these SNP were located around the 5-Mb region, and 3 SNP within IN-HBC, INHBE, and SNRPF were detected near the 60-Mb region on BTA5 ( Figure 3B ). None of these SNP was significantly associated with twinning-rate predicted transmitting ability in data I (P > 0.01). A total of 16 suggestive associations (P < 7.2 × 10 −4 ) were detected when using either data I or data II; however, no suggestive associations in one data set were supported in the other data set at even a nominal P < 0.05 level.
The IGF1 gene was chosen for further examination as a candidate gene based on linkage-linkage disequilibrium results, single-marker association results, and a known contribution to folliculogenesis (reviewed by Monget et al., 2002) . The initial SNP discovery work had focused on coding regions and had revealed 4 SNP. Additional SNP discovery efforts that completely covered the 72-kb region spanned by IGF1 revealed an additional 18 SNP (Supplementary Table 3 ). Thirteen of these additional SNP were successfully genotyped in the expanded set of bulls (Table 1) , and none had genotype frequencies departing from expectation under Hardy-Weinberg equilibrium. Bovine IGF1 consists of 4 exons of 60, 182, 157, and 63 bp. The sizes of introns 1, 2, and 3 are 4,475, 51,274, and 15,229 bp, respectively. Of the 13 successfully genotyped SNP, 7 were located in intron 2, 5 were located in intron 3, and 1 was located very close to the 3′ untranslated region. No SNP were discovered in the IGF1 exons.
A consistent, significant association with twinningrate predicted transmitting ability (P = 0.003 and P = 1.05 × 10 −6 for IGF1-data I and IGF1-data II, respectively) was detected for IGF1 SNP2 located in intron 2. The allele substitution effect of G to A for IGF SNP2 was associated with a reduction of twinning rate, and the direction of the effect was consistent when using the 2 data sets (Table 1) . Likewise, SNP 5 and 19 were associated with twinning rate in both sets of data, with a consistent sign of the effect. However, in both cases the association in IGF1-data II was only nominal (P < 0.05), and other SNP in strong linkage disequilibrium with these 2 (SNP 12, 14, 16, and 18) exhibited less significance or inconsistent effects. The remaining SNP were either not significantly associated or had allele substitution effect estimates of opposite the sign in the 2 data sets ( Table 1) . Associations of IGF1 SNP 2 with lactation or production traits were not significant (P > 0.05). The IGF1 SNP 2 was not located in a known regulatory sequence or a region highly conserved across species, suggesting it is a marker in strong linkage disequilibrium with the underlying functional polymorphism.
Two haplotype blocks (Wang et al., 2002) were detected in IGF1 when using the D′ measure of linkage disequilibrium (Figure 4) . Multiple haplotypes were observed within each block. One haplotype block spanned SNP2, SNP3, and SNP4 in intron 2 (Haploblock1) and another haplotype block extended from SNP5 to SNP19 in introns 2 and 3 and the 3′ downstream region (Haploblock 2) of IGF1. Haploblocks 1 and 2 were distinguished by historical recombination in the middle of intron 2. ) is plotted against the center of 8-marker windows. Plot A was obtained by using data I, and plot B was obtained by using data II. Plot C was plotted by multivariate analysis with data I and data II. Thresholds for significant (P < 2.3 × 10 −5 , solid line) and suggestive (P < 7.2 × 10 −4 , dotted line) linkage levels are indicated. , dashed line) linkage (Lander and Kruglyak, 1995) . LRT = likelihood ratio test.
DISCUSSION
Twinning and ovulation rate QTL were mapped previously in the 60-to 70-Mb genomic region of BTA5 (Lien et al., 2000; Cruickshank et al., 2004) . Meuwissen et al. (2002) reported the marker bracket of CSSM22 (60.26 Mb) and ILSTS66 (60.27 Mb) showed the greatest significance level for twinning-rate QTL with the linkage-linkage disequilibrium method. Their result putatively narrowed the genomic region of the QTL location to within a 0.7-cM interval between 72.4 and 72.9 cM relative to the USDA-Meat Animal Research Center linkage map. However, a significant association between CSSM22 and ILSTS66 and twinning rate may have been detected because of linkage disequilibrium between this marker bracket and a twinning-rate QTL outside the region narrowly bounded by these markers.
In the current analysis, more than 2 QTL were detected on BTA5 when using linkage-linkage disequilibrium analysis with a greater density of SNP markers compared with previous twinning or ovulation rate QTL studies. Another peak was located between 25 and 35 Mb on BTA5, overlapping with the confidence interval of a previously detected ovulation rate QTL on BTA5 (Kappes et al., 2000) . In this region, only 1 SNP marker association was detected when using data II. This SNP is located in the retinoic acid receptor gamma-B gene. In studies with the USDA-Meat Animal Research Center twinning herd, 3 associations (P < 0.01) between SNP and ovulation rate were detected around 40 cM on BTA5 (Allan et al., 2009 ). This location could be a potential candidate genomic region associated with twinning or ovulation rate.
Compared with single-marker association methods, linkage-linkage disequilibrium has greater power to detect QTL (Meuwissen and Goddard, 2007) . This is achieved by the potentially greater accuracy of multipoint identity by descent estimation. Meuwissen and Goddard (2001) suggested that the identity by descent prediction method be applied to broad (approximately 5-to 10-cM) genomic regions. However, recent studies of linkage disequilibrium in cattle showed that moderate linkage disequilibrium (r 2 > 0.2) extended less than 100 kb in both dairy and beef cattle populations (de Roos et al., 2007) . The extent of linkage disequilibrium and the number of markers within multiple marker windows are related to the accuracy of identity by descent prediction between haplotypes (Kim et al., 2009 ). The identification of linkage disequilibrium patterns and haplotype block structures in cattle will be useful to optimize selection of markers and improve identity by descent estimations to improve application of the linkage-linkage disequilibrium method.
The IGF1 gene is the most compelling functional candidate gene in the 60-to 70-Mb QTL region reported here. Physiological evidence supporting IGF1 as a candidate gene includes the elevated expression of IGF1 in cattle selected for increased twining rate compared with control cattle (Echternkamp et al., 1990) , as well as the well-documented contribution of IGF1 to folliculogenesis (Monget et al., 2002) . The association between twinning-rate and IGF1 polymorphisms has been investigated previously (Lien et al., 2000; Meuwissen et al., 2002) ; however, no significant associations between SNP and twinning rate were identified. In the current study, single-marker association testing and linkage-linkage disequilibrium analysis provided support for IGF1 as a candidate gene.
Analysis of single-marker association tests with an expanded number of sires showed that IGF1 SNP 2 and 19 were consistently associated with twinning rate across data sets. Of these 2, SNP 2 may be the best candidate for use in selection, given its greater support in the analysis of IGF1-data II. Predicted transmitting abilities from IGF1-data II were based on a more extensive data set, and more than twice as many genotyped bulls had predicted transmitting abilities from these data. In addition, based on the analysis of SNP association with lactation and production traits, selection for reduced twinning rate could be undertaken without detrimental effects on these other traits.
A QTL detected at 30 Mb when using data I and II is within the confidence interval of a previously identified ovulation rate QTL on BTA5 (Kappes et al., 2000) . The confidence interval of this QTL did not overlap with the confidence interval of QTL detected in approximately the 60-to 70-Mb region. This implies the possibility of 2 or more twinning or ovulation rate QTL on BTA5. Although linkage-linkage disequilibrium detected potential QTL between 0 and 60 Mb, association signals may be false positives, considering the decreased density of markers in this region. These associations were less reliable than those located between 60 and 75 Mb when marker density and linkage disequilibrium strength within 8-marker windows were considered.
In contrast to results from the linkage-linkage disequilibrium analysis, results of single-marker associations were not replicated between the 2 data sets, except for IGF1 SNP2 and SNP19 in the expanded set of bulls. This is the reason the results from the multivariate linkage-linkage disequilibrium analysis ( Figure 2C ) were no more significant than results from the univariate analyses ( Figures 2A and 2B) ; they were essentially an average of the univariate results. Human studies suggest single-marker association tests may produce an increased ratio of false positives at moderate significance levels (P < 0.01 to 0.00001; Hirschhornand and Daly, 2005) , so this result is not unexpected. Replication of the IGF1 SNP effects reported here is needed in other populations to further validate these markers and assess the strength of linkage disequilibrium with the underlying causative SNP across breeds. Association tests between IGF1 expression level and SNP genotype 
